Ueli Grossniklaus. To give a short answer first: I do not think we know how widespread transgenerational epigenetic inheritance is in any organism. Given this uncertainty, it is surprising how much attention this question has attracted in recent years, both in the popular press and in the scientific literature (for example, see . In principle, many inherited traits could have an epigenetic basis, as one cannot easily distinguish whether a phenotype is due to genetic or epigenetic variation without a detailed molecular analysis. It is also possible that epigenetically controlled traits are rare. But given the rapid advance of epigenomics, I am sure that we will get a much better understanding of the contribution of genetic versus epigenetic variation to phenotypes in the near future.
To provide a more profound answer, however, I will have to define what I understand by 'transgenerational' and 'epigenetic' , given that the use of both terms varies widely. A popular definition of epigenetics states that it concerns the study of mitotically and/or meiotically heritable changes in gene expression that occur without a change in DNA sequence 4 . Under this definition, epigenetic regulation has a role at two levels. First, it is involved in development, leading to the specification of cells and assuring the faithful inheritance of their differentiated state over mitotic cell divisions. Second, epigenetic states can be inherited meiotically, from one generation to the next, and this is the focus here.
While some biologists consider all effects that concern both parents and offspring to be transgenerational, I would like to distinguish transgenerational effects from parental and -depending on the system -grandparental effects. In addition to contributing their DNA, parents can influence their offspring in many ways: for example, by contributing bioactive molecules in the egg and sperm cytoplasm, by providing nutrients and hormonal information during embryogenesis and by provisioning and taking care of offspring after birth.
is modulated by the animal's diet 6 . The specific dietary conditions in which a pregnant female is raised can change the inheritance pattern over two generations, but this change gets lost in the third generation 7 . Thus, while this specific diet leads to parental and grandparental effects, the induced epigenetic changes are not transgenerationally inherited.
Often ignored in studies of transgenerational inheritance, parental effects can also occur in plants. The condition of the mother plant has a strong effect on the seeds it produces with respect to, for instance, nutrient provisioning. At the time of dispersal, the offspring itself is still surrounded by the maternal tissues of the seed coat, and these tissues play a crucial part in the hormonal regulation of seed germination. Thus, in plants too, parental effects can have a strong effect on the next generation 8 and may confound studies of epigenetic inheritance 9 . In many experimental systems, there is clear evidence that silenced transgenes are stably inherited over several generations. This is different for natural epigenetic variants that cause a phenotype (that is, epialleles). In mammals, only very few -sometimes controversial -cases of meitotically inherited epialleles have been reported, mostly with a variable degree of inheritance 3 . By contrast, there are several well-studied examples of stably inherited epialleles in plants 10 , of which I will mention just two. The first example was reported in toadflax (Linaria vulgaris), in which a variant with radially symmetric flowers, rather than the typical bilaterally symmetric ones, was already described by Lineus nearly 200 years ago. This phenotype is not caused by a mutation but by DNA methylation of the CYCLOIDEA gene, which controls the formation of dorsal petals 11 . Another example of a natural epiallele causes the Colourless non-ripening phenotype in tomatoes (Solanum lycopersicum) 12 . In both cases, no differences in DNA sequence could be detected at the affected loci, strongly indicating that the mutant phenotypes had an epigenetic nature. Abstract | Much attention has been given to the idea of transgenerational epigenetic inheritance, but fundamental questions remain regarding how much takes place and the impact that this might have on organisms. We asked five leading researchers in this area -working on a range of model organisms and in human disease -for their views on these topics. Their responses highlight the mixture of excitement and caution that surrounds transgenerational epigenetic inheritance and the wide gulf between species in terms of our knowledge of the mechanisms that may be involved.
when considering environmentally induced effects ... an epigenetic basis can be inferred only if they last over multiple generations Many of these parental (and sometimes grandparental) effects will not have an epigenetic basis. This is particularly important when considering environmentally induced effects, for which an epigenetic basis can be inferred only if they last over multiple generations. In a pregnant mammal, for instance, not only are the mother and fetus exposed to the same environmental influences but so are the fetus's primordial germ cells, which will eventually produce the grandchildren. For instance, expression of the methylation-sensitive, metastable agouti viable yellow (A vy ) allele, which determines mouse coat colour and shows meiotic epigenetic inheritance 5 ,
The heritable silencing of repetitive DNA elements -the heterochromatic compartment in many genomes -is clearly transgenerational and involves epigenetic mechanisms. Recent work from multiple laboratories has shown that the highly conserved PIWI-interacting RNA (piRNA) system (which involves a specific class of small, non-coding RNAs) acts in the C. elegans germ line as a sort of adaptive genome immunity system, in which an enormous diversity of RNA sequences can potentially be recognized and targeted for assault (for example, see REFS 13, 14) . The initiating response is guided by piRNAs, from which a secondary system refines and amplifies the response, narrowing the target specificity and increasing the efficiency. Importantly, almost any sequence can be identified -not just repetitive elements -and thus endogenous loci can also be targeted by this mechanism in an autoimmune response. Targeting of 'self ' sequences appears to be prevented both by selection against selftargeting piRNAs and by a counteracting process using RNAs that are generated through normal germ cell transcripts (that is, self RNAs). Successful and heritable repression is achieved though the assembly of repressive chromatin, which can be stable for many generations. None of this multi-generational repression involves a genetic change in the targeted sequences.
These observations represent the repressive side of transgenerational epigenetic inheritance: there is also the opportunity for heritable activation of genes. Transcription in the germ line has the capability not only to generate self RNAs to prevent piRNA targeting but also to alter chromatin by mobilizing nucleosomes and producing modified chromatin in its wake. C. elegans embryonic chromatin carries an epigenetic memory of transcription that last occurred in the parental germ cells 15, 16 . This memory includes covalent modifications (histone H3 methylation isoforms) that are associated with 'open' chromatin and added to genes during transcription in the parent. The methylation patterns are subsequently maintained in the embryo by methyltransferases that can operate independently of transcription. The presence of these particular marks can be antagonistic to other repressive histone H3 methylation marks. Thus, transcriptioncoupled establishment and maintenance of histone marks in germ cell chromatin, perhaps coupled with the insertion of histone variants, can prevent intrusion of repressive chromatin assembly into genes, and this appears to be required to promote the proper activation of these genes in the next generation 17 . Indeed, the clearest example of transgenerational epigenetic inheritance in many organisms, centromeric chromatin, also appears to be guided by transcription in C. elegans, albeit negatively. The heritably stable positions of centromeres are guided by incorporation of the centromere-specific histone H3 variant CENPA (also known as CenH3). CENPA incorporation, which produces the C. elegans holocentromere, occurs where transcription activity is absent in parental germ cells; that is, transcription prevents stable CENPA placement in parental germ cell chromatin, and this heritably templates stable centromeric chromatin assembly in the offspring 18 . Therefore, an answer to 'how much transgenerational inheritance takes place' in C. elegans may be that this seems to be a guiding mechanism for centromere designation and much of the germline transcriptome in this organism. It is worth noting that most of the factors that guide these epigenetic processes in C. elegans have orthologues in most eukaryotes, so it is certainly plausible that these routes to epigenetic inheritance exist in many organisms.
Anne C. Ferguson-Smith. The impact of the environment has been observed to extend over multiple generations in both human populations and animal models [19] [20] [21] [22] [23] , suggesting transgenerational epigenetic effects. However, a defined mechanism for such inheritance is missing.
It is clear that epigenetics can confer stable, heritable, functional genomic configurations within somatic lineages 24, 25 . However, one of the most important properties of this epigenetic memory is its dynamic nature and particularly its ability to be erased 26 . This erasure happens both in Susan Lindquist has shown that the forces governing protein folding can have a profound and unexpected impact on evolution and human disease. She discovered the disaggregating abilities of heat-shock proteins, identified prions as conduits of protein-based inheritance and pioneered the use of yeast as a model system to study complex diseases and to develop novel therapeutic strategies. She found that protein-folding processes buffer and release the effects of accumulated genetic variation, providing the first plausible explanation for rapid bursts of evolution and established that the heat-shock response has a key role in the evolution of fungal drug resistance and tumour progression.
the germ line and early in pre-implantation mammalian development and is followed by the establishment of new functional chromatin configurations. If true epigenetic inheritance is to occur, then under particular circumstances some epigenetic marks would be expected to be completely or partially resistant to both of these reprogramming events 27 . At unique sequences, strong evidence that DNA methylation is a transgenerationally transmitted heritable epigenetic mark remains elusive. However, it may be no coincidence that many cases of transgenerational epigenetic inheritance involve repeat sequences 3 . Epigenetic silencing mechanisms are likely to have evolved, at least in part, to repress repetitive elements that have the potential to activate and destabilize the genome and/or to change the expression of adjacent genes 28 . Hence, these elements are a target for the epigenetic machinery in somatic tissues and especially in the germ line. In particular, DNA methylation of repetitive retrotransposons has provided one of the best models of transgenerational epigenetic inheritance. For example, the A vy allele in mice is an insertion of a long terminal repeat (LTR) retrotransposon called an intracisternal A-type particle (IAP) upstream of the agouti coat colour gene. Trangenerational inheritance of coat colour occurs, which depends on the extent of methylation of this element 5 . In addition, methylation of A vy in offspring can be modulated by maternal diet 3, 6, 7 . Importantly, however, the extent to which these effects can be inherited by subsequent generations remains to be clarified.
Perhaps even more compelling evidence for repeat sequences contributing to transgenerational epigenetic inheritance has come from data showing that IAPs may be more refractory than other sequences to germline and pre-implantation DNA demethylation [29] [30] [31] . These elements therefore have the properties required of sequences for which the epigenetic state can persist transgenerationally and can have an impact on the expression of neighbouring genes. Environmental modulation of the efficiency of repeat sequence reprogramming may contribute to variations in the expression of associated genes in offspring and may lead to phenotypic outcomes.
In addition to the potential contribution of IAPs, other mechanisms for transgenerational epigenetic inheritance may exist, and small RNA-mediated processes, such as those described above in other organisms 13, 14 , may be good candidates for involvement 3 . Germline modulation by small RNAs in mammals has particularly been described in the male acting on epigenetic states and post-transcriptionally 32, 33 . Defects in this process might have an impact on the behaviour of genes after fertilization. Post-transcriptional regulation induced by small RNAs experimentally injected into germ cells and newly fertilized eggs has been observed, affecting post-fertilization phenotypes 34 . However, how these effects may be propagated into subsequent generations remains a mystery.
tissue-specific changes in expression, it is not clear whether the impact on phenotype was a primary or a secondary effect.
Perhaps the strongest argument against transgenerational epigenetic inheritance surrounds the challenge of ruling out genetic effects underlying the phenotype in offspring. The impact of genetic variation on epigenetic state is recognized but is only beginning to be understood and quantified 37 . While tissue-specific differences in epigenetic states within individuals are known to outnumber inter-individual epigenetic differences within the same tissue 38 , a change in epigenetic state between parent and offspring might be caused by genetic variants. As human epidemiological studies are carried out on populations of mixed genetic backgrounds, and also because epigenotype-phenotype analyses can involve small sample sizes, caution in the interpretation of such studies has been encouraged 39 . The relative contributions of genetic and epigenetic variation to transgenerational epigenetic inheritance in mammals will be better understood through the use of isogenic strains in animal studies and the quantitative integration of whole-genome sequence information into epigenotype-phenotype analyses on large sample sizes.
Marcus Pembrey. Molecular evidence for transgenerational epigenetic inheritance in humans is limited, but I suspect that it is commonplace. Transgenerational epigenetic inheritance is the best candidate mechanism to explain the male-line transgenerational effects that are now being demonstrated within cohort studies capable of dealing with many social and other confounders [40] [41] [42] [43] [44] . If these observations are statistically sound and cannot be explained by genetic or cultural inheritance, then this is transgenerational epigenetic inheritance in its broadest sense.
Humans have imprinted genes (see the Catalogue of Parent of Origin Effects website), and genomic imprinting establishes the principle of transgenerational epigenetic inheritance: the gene is active or silent depending on epigenetic marks placed in the parental generation that survive erasure as they pass to the offspring 45, 46 . This parent-of-origin-dependent gene expression reflects a robust, evolved response to differences in cellular conditions between egg and sperm formation. Note that this response depends on the DNA sequence of the relevant imprinting control centre, microdeletions of which cause imprinting it may be no coincidence that many cases of transgenerational epigenetic inheritance involve repeat sequences
In the search for mechanisms underlying transgenerational epigenetic inheritance, some emphasis has been placed on genomic imprinting, which is the normal process that causes genes to be expressed according to their parental origin. Imprints in mice are regulated by DNA methylation that is established in the germ line but occurs at different loci in the developing sperm and oocyte. What makes imprinted genes such good candidate mediators of transgenerational epigenetic inheritance? First, they are exquisitely dependent on epigenetic mechanisms for their parentof-origin-specific expression and dosage 24 . Second, imprinted genes function in pathways that contribute to phenotypes that are currently most associated with transgenerational epigenetic effects: growth, metabolism, behaviour and environmental adaptations 35 . Perhaps most importantly, imprints are by definition resistant to the second wave of reprogramming that occurs in the pre-implantation embryo 24, 27 . Hence, all that might be required for a defective imprint to have a transgenerational impact is compromised germline reprogramming of methylation imprints.
Recently, experiments have been conducted to test whether imprinted genes as a class are more or less environmentally modulated compared with other genes in a mouse model of intergenerational phenotypic inheritance 23 . Imprinted genes as a group showed no marked difference from randomly selected genes 36 . While some individual imprinted genes showed to fail 47 . More generally, I expect transgenerational epigenetic inheritance to be dependent on the DNA context, but this does not exclude an enduring change in gene expression (without DNA sequence change) in response to paternal or ancestral environmental exposures.
Remarkable data collected from three generations were observed in the Överkalix cohorts [40] [41] [42] 44 . On the basis of harvest records, variation in the food supply during the early life of paternal grandparents was related to variation in mortality rate (and diabetic deaths; see below) in their grandchildren. There were striking sex-specific transmissions, such that the food supply of the father's father was associated with the mortality rate of just grandsons, while the early-life food supply of the father's mother was associated with the mortality rate of just granddaughters. These different associations were generated through the same set of fathers, making 'cultural inheritance' down to the grandchild generation implausible. The associations also persist on adjusting for the grandchildren's earlylife circumstances 44 . If you plot paternal grandfathers against granddaughters or paternal grandmothers against grandsons you get the null hypothesis: namely, that there is absolutely no association 20 . The Överkalix studies also show that there are exposure-sensitive periods (mid-childhood) and exposure-insensitive periods (puberty), making straight genetic inheritance implausible. For the grandmothers, there was an additional sensitive period (namely, from conception to 3 years old) in line with the timing of female gametogenesis.
While these patterns were observed in two of three independent Överkalix cohorts 20 , this population might be exceptional in its responsiveness to these fluctuating circumstances of the nineteenth century. Replications of paternal line transmission using contemporary cohorts have studied only father to offspring transmission to date. In the UK Avon Longitudinal Study of Parents and Children (ALSPAC) 48 , when using paternal onset of regular smoking as the exposure, we hypothesized that any growth effect on offspring would be confined to paternal smoking before puberty, in line with the Överkalix exposure-sensitive period. This is what we found: sons of fathers who started to smoke before 11 years old, but not later, had a greater body mass index (BMI) at 9 years old 20 (see below for recent unpublished results). Working independently on betel quid Barbara Boucher, working with Tony Chen, replicated what she had previously demonstrated in mice 49 in the Keelung Community of Taiwan: a dosage-dependent association of paternal betel quid use with early metabolic syndrome in the adult offspring who had never chewed betel quid themselves 43 . These three population studies suggest that male-line transgenerational effects might be widespread.
Susan Lindquist. Since you have asked me about yeast, let me stick to the epigenetic inheritance I know best: prions. First, a definition. Prions are protein-based elements of inheritance 50, 51 . They represent 'epigenetics in the extreme' because they are not based on DNA or histone modifications. Prion inheritance operates through the formation and transmission of protein templates. These are usually inherited independently of chromosomes 52 .
(Hsp104) and chaperones such as Hsp70) to do so 53 . In effect, this machinery constitutes a 'mitotic apparatus' for the transmission of the prions, albeit it is a mitotic apparatus that is very different from the microtubules and centromeres employed by DNA.
This protein-based form of inheritance was once considered a freak-show oddity. But recent data indicate that it is actually very common. In Saccharomyces cerevisiae, several proteins that produce heritable traits in this way have been well characterized both genetically and biochemically 51 . At least another dozen have domains that are fully capable of doing so 54 (although it is not yet certain that they all operate as prions in their normal contexts).
S. cerevisiae is the most genetically tractable organism we know. Prions were first discovered there only fairly recently 55, 56 . Not surprisingly, then, this is the only organism in which the phenomenon has been broadly characterized. But there are now many reasons to believe that prions are very commonly used by fungi and, indeed, that all eukaryotes have -and take advantage of -prion proteins. First, the genes encoding homologues of some well-characterized prion proteins in very distantly related fungi have been transgenically expressed in S. cerevisiae, where they have the same capacity to serve as protein-based elements of inheritance 57, 58 . Second, in surveying ~700 wild yeast strains for protein-based inheritance 59 , we found dozens that carried prions that had previously been characterized only in laboratory strains. And at least one-third of wild strains carried proteinbased elements of inheritance with all of the hallmarks of prions. Third, surveys of other eukaryotic genomes have identified many proteins that have the unusual amino acid sequence characteristics of the well-known prions 50, 51 . Some contain an enormous number of them. Furthermore, we know that there are prion proteins we have not yet learned to identify by simple bioinformatics 60 . So the number of prion proteins will doubtlessly increase.
As we learn more and more about biological systems, boundaries blur, and the self-templating, self-assembling properties of the proteins we know as prions are being found in many other contexts [61] [62] [63] [64] . So I predict that this remarkable mechanism for self-perpetuating distinct new biological states will prove to be very common indeed. In fact, prions are characterized by simple, low-complexity sequences. I would go so far as to bet that they played a major part in the early evolution of life on Earth.
I predict that this remarkable mechanism for self-perpetuating distinct new biological states will prove to be very common indeed Prion proteins have the special property of being able to exist stably in at least two conformational states that have profoundly different structures and functions 50, 51 . Of course, many proteins adopt distinct conformations. What is special about prions is their ability to self-template at least one of those conformations to other proteins of the same type in a manner that can serve as a mechanism for inheriting a new biological trait. Once protein X switches to the prion form, it serves as a template to convert more and more molecules of protein X into the same prion form. These prion switches are rare compared with rates of cell division, but when they occur, they are very stable 51 . In fact, the prions that we know the most about convert soluble proteins into self-templating amyloids. Amyloids are the most stable protein folds we know.
To ensure that the changes in function brought about by these conformational changes are heritable, the protein templates must be divided and distributed to daughter cells in an orderly and highly predictable way. Prions use specific components of the cellular protein-folding machinery (remodelling factors such as heat-shock protein 104
How much impact does transgenerational epigenetic inheritance have on organisms?
U.G. One can easily imagine that it would be beneficial for plants, as sessile organisms, to take advantage of the information that they acquire about their environment and to pass it onto their progeny. The likelihood that the progeny will experience a similar environment is rather high, given that seeds are often dispersed locally. Thus, passing on such information to the progeny would have an adaptive value, and epigenetic inheritance is the prime candidate for its transmission. Indeed, plants have an extensive repertoire of epigenetic regulation involving mechanisms based on DNA methylation, histone modification and RNA. This includes a unique epigenetic pathway, RNA-directed DNA methylation, whereby DNA methylation and chromatin modifications are guided in a sequence-specific manner by small RNAs 65 . Such small RNAs can be regulated developmentally or induced by biotic or abiotic stresses 66 , providing great versatility to epigenetic gene regulation and the potential for transmitting acquired information to the progeny. It is not surprising then that the transgenerational epigenetic inheritance of environmentally induced changes has attracted much attention.
Many recent studies have focused on the epigenetic inheritance of responses to biotic and abiotic stresses. Experiments in several species indicate that effects of stress or other environmental conditions might be inherited (for example, see . For instance, it was reported that stress could induce a hyper-recombination phenotype in transgenic mouse-ear cress (Arabidopsis thaliana) that persisted for up to four generations without any subsequent stress exposure 67 . Later studies, however, could detect these effects only in the direct progeny of the stressed plants (for example, see REF. 70) or found the variation between experiments to be in the same order of magnitude as the effects induced by stress 71 . In another example, it was shown that stress treatments in dandelions (Taraxacum officinale) can induce methylation changes that are inherited by their progeny 69 . Additional experiments showed, however, that there is a high variability between experiments and that these effects are not always observed 72 . In summary, there are not yet any clear-cut studies that would unambiguously demonstrate the transgenerational epigenetic inheritance of environmentally induced effects 9, 10 . Many studies failed to exclude parental effects, were not sufficiently replicated to distinguish stochastic effects from treatment effects or did not integrate phenotypic characterizations with more detailed molecular and genetic analyses (for a detailed discussion, see REF 9) . Thus, although the meiotic inheritance of epialleles has clearly been demonstrated in plants, it is not yet clear whether environmentally induced epigenetic states show transgenerational inheritance. I expect that future studies that integrate multigenerational phenotyping with genome-wide transcriptomic and epigenomic analyses will provide a definite answer to this question.
W.G.K.
The genomic battles between invasive genetic elements and host epigenetic responses have left lasting marks on genome structure and function, but it is interesting to consider whether the piRNA genome defence mechanisms and their impact on transgenerational transposon repression may also be potential players in heritable phenotypic alterations in nature. As mentioned, the piRNA 'catalogue' of potential targets can include genes that are normally expressed, but a self-recognition system is hypothesized to prevent their targeting. An imbalance in the self versus non-self antagonism in the initial recognition pathways could theoretically engage the targeting and heritable repression of any locus. Such imbalances could be created by temporary environmental insults or even transient exposure to an altered genotype; that is, both nature and nurture are capable of producing transgenerationally stable phenotypic outcomes. that metabolic rate is inversely correlated with lifespan, one possibility is that the loss of some histone methylation maintenance weakens the 'memory' of metabolic gene activity in the germ cells, and this results in decreased transcription of these loci in all tissues in subsequent generations. The re-establishment of robust transcription of metabolic genes, and hence reappearance of normal lifespan, may require several generations of reiterative transcription coupled with restored memory maintenance. Notably, a persistent lack of MLL complex activity in several generations results in a depletion of germline stem cells and eventually highly penetrant sterility: a 'mortal germ line' phenotype 74, 75 . An argument against any potential lasting impact of epigenetic phenomena is that many of the processes are dynamic, and even the self-reinforcing or maintenance mechanisms have some inherent variability, hence the observed metastability of transgenerational phenomena. This stochastic variation may arise in many ways, but chief among them is probably threshold effects. In considering the intertwined RNA interference (RNAi)-and chromatin-based mechanisms described above, the robustness of each overlapping mechanism can potentially affect the robustness of other mechanisms, and some sum of the robustness of all steps could generate outcomes with different degrees of transgenerational stability. For example, the generation of secondary small RNAs in the piRNA system could have quantitative variability, which may affect the efficiency of the establishment of stable chromatin states, and these states may themselves be subject to variable maintenance and heritability. Furthermore, the epigenome established in the parent and inherited between generations via the gametes encounters 'reprogramming' mechanisms in the zygote. Thus, the transgenerational stability of any novel epigenetic state at least partly depends on its resistance to reprogramming. The degree of reprogramming could depend on the efficiency of the reprogramming mechanism, which may be influenced by the density of epigenetic information at a locus. The loss of a histone H3 demethylase in C. elegans, for example, eventually causes a mortal germ line phenotype, correlating with a rise in its target modification, but the penetrance of the sterility, the increased accumulation of histone methylation and the transcriptional defects play out over dozens of generations before reaching a 'crisis generation' . Importantly, even at the crisis generation, some animals escape sterility, the transgenerational stability of any novel epigenetic state at least partly depends on its resistance to reprogramming There is evidence that transient exposure to altered genotype can produce transgenerational phenotypes in C. elegans. Defects in a form of histone methylation maintenance machinery, which involves the conserved MLL complex, lead to heritable increases in longevity in C. elegans 73 . Surprisingly, loss of the components in the germ line of one generation causes increased longevity for multiple generations, even after restoration of MLL complex activity. The effect, however, is strikingly limited to several generations, after which normal lifespan reappears. Given yet these animals and their descendants still recapitulate the mortal germline dynamics over subsequent generations 76 . Thus, any novel epigenetic information has numerous obstacles to traverse to become established; chief among these obstacles is the constraint of compatibility with fertility.
However, stable transgenerational phenomena are observed, and such processes might be useful. It is possible that the plasticity of epigenetic states could open doors of opportunity in changing environments. If one considers the metastability and stochasticity of transgenerational epigenetic inheritance, it is possible to envision a Lamarckian-type edge that epialleles could provide during environmental stress. For example, an epigenetic change in expression of a gene that is favoured in a new environment allows a metastable adaptation to the new environment. The metastability may provide a hedge bet that the old environmental conditions will return, yet in the meantime it may produce enough subsequent generations to sample more stable genetic alterations for adaptive usefulness.
A.C.F.-S.
If an epigenetic mechanism regulating transgeneration inheritance exists in mammals, then this has profound implications for how we consider inheritance, for mechanisms underlying diseases and for phenotypes that are regulated by gene-environment interactions.
The windows of opportunity for such mechanisms to take effect in mammals lie in the germ line and during pre-implantation development. But how many generations might be affected? Underlying this question is the concept of intergenerational (that is, shorter-term transgenerational effects) versus transgenerational effects over multiple generations 27 . For example, consider the impact of a compromised in utero environment on the developing fetus. This fetus, once born, might exhibit phenotypes as a consequence of its in utero exposure. Furthermore, because its developing germ cells were also exposed, the offspring of that individual might also exhibit defective phenotypes. However, unless that individual (and its germ cells) is exposed to further insult, it would be unlikely for a further generation to be affected. Hence, phenotypic inheritance might cease, and this might be considered to be a shorter-term intergenerational effect rather than a long-term transgenerational effect. By contrast, if the phenotype were indeed transmitted to a third generation, then this would be true transgenerational inheritance: a process that was previously attributed to genetic effects, that is harder to attribute to an epigenetic mechanism and that is the subject of considerable debate in the field because it rewrites the rules of heritability. One aspect perhaps worth considering is the fact that DNA methylation is a mutagen that contributes to C to T transitions if not repaired. Indeed, epigenetic modification mediating such mutation may underlie long-term genetic inactivation of transposable elements 77 . Hence, a short-term epigenetic change, leading to a genetic mutation with long-term effects, may have the potential to contribute to a form of transgenerational epigenetic inheritance.
M.P. As indicated above, transgenerational epigenetic inheritance is the best candidate mechanism for the male-line transgenerational effects that have been documented so far in humans. The Överkalix data 20 suggest that an existing, perhaps adaptive, mechanism is being induced, so I favour the term transgenerational response (TGR) rather than transgenerational effect. In terms of the impact on descendants, there are two important points to make. First, the impact may be a protective adaptation that maintains health in the face of continuing adverse exposure down the generations. Such adaptation has been demonstrated in the remarkable experiments that have been done in male rats on ancestral liver damage, leading to heritable, epigenetically mediated reprogramming of hepatic wound healing 78 .
The effect sizes seen for human TGRs to date are considerable by genetic epidemiology standards, with general mortality rate ratios ranging from 0.4 to 2.8 in the grandchildren, depending on ancestral food supply 20 . The association of the paternal grandfather's good food supply in mid-childhood with diabetic deaths in the grandchildren gave an odds ratio of 4.1 (95% confidence interval: 1.33, 12.93) -quite a shock! Admittedly, it was based on just 19 affected grandchildren (each with a different grandfather), but this was testing a prior hypothesis 41, 42 , as indeed most steps in the human TGR trail have been over the last decade 80 . Clearly, replication is needed before drawing firm conclusions, but replication of historical studies is difficult. Contemporary cohort studies, such as ALSPAC, that can adjust for many confounders may offer better opportunities to test TGR in a rigorous way. Unpublished follow-up results from ALSPAC show that paternal onset of regular smoking before 11 years of age is associated with increased mean BMI and body fat mass in sons throughout their development from 11-17 years of age, even though these fathers themselves do not have increased adiposity. These sons are carrying an extra 5-10 kg of fat mass compared with the sons of all other fathers (K. Northstone, J. Golding, L. Miller and M.P., unpublished observations). While the Taiwan study is not directly comparable (paternal betel exposure is from 18 years; B. Boucher, Institute of Cell and Molecular Science, Queen Mary, University of London, personal communication) exposure increases the risk of early manifestations of the metabolic syndrome in offspring 2.53-fold (95% confidence interval: 1.03, 2.64) compared with paternal non-exposure 43 .
Smoking and betel quid chewing are major public health concerns worldwide, and as they are common, it should allow independent replication of the transgenerational effects. In 2002, I wrote a commentary entitled 'Time to take epigenetic inheritance seriously' 81 . Ten years on, I regard understanding human TGR as crucial, even if the eventual mechanisms do not meet the definition of transgenerational epigenetic inheritance that the purists demand! S.L. The impact is enormous, in part because prions change cell biology in many, many different ways. First, the prions discovered to date are mostly proteins that regulate 'information flow' in the cell: transcription factors, translation factors, The effect sizes seen for human TGRs to date are considerable by genetic epidemiology standards How important transgenerational epigenetic inheritance is in humans may have to be measured in terms of resilience as well as disease. Second, the focus is not inheritance of acquired characteristics or 'phenotypic transmission' , for which population evidence has been sought with little success, except perhaps in the case of maternal transmission of diabetes. Lamarck conflated the evolutionary process with adaptation and, in my view, human TGRs are likely to be primarily a reflection of adaptive responses in action, although the response systems themselves will have evolved by DNA sequence change and natural selection 46, 79 . RNA-binding proteins and signal transducers 51, 54 . This means that when a single protein switches into the prion state, it creates a new trait that is both immediately heritable and biologically complex in nature.
One of the prion proteins we have worked on is a transcriptional repressor known as [MOT3+] 54 . When it switches into to the prion state, it is sequestered from the chromosome. Many genes are simultaneously de-repressed. Because Mot3 regulates genes that are involved in anaerobic growth, adhesion and filamentation, among others, the biological properties of cells carrying this prion are very different from those of genetically identical cells that do not carry the prion 82 . This is one of the prions that we have found being used in wild yeast strains 59 .
Another prion that we have been studying changes a fundamental aspect of carbon source utilization 83 . Humans use S. cerevisiae to produce alcohol because -as long as glucose is around -it ferments the sugar to alcohol. The cells will not use any of the alcohol, or any other carbon source, until glucose is exhausted. This trait (glucose repression) can be controlled by prion proteins. When they switch to the prion state, cells can suddenly get around glucose repression 83 . This is a pretty fundamental metabolic switch. We recently found that this prion too appears commonly in wild strains, allowing cells to respond to their ecological niche in a heritable way (D. F. Jarosz, J. C. S. Brown, G. A. Walker, A. K. Lancaster, L. F. Bisson and S.L., unpublished observations). Other prions alter the activity of chromatinremodelling factors 54, 84 , prevent fungi from out-crossing 85 or alter antibiotic resistance 60, 86 . In other words, they alter the biology of the organism in fundamental ways.
One of the most interesting aspects of prion biology is their ability to serve as 'bet hedging' factors 52 . Microorganisms are responsible for most of the biodiversity on Earth. They survive in fluctuating environments very well, and prions contribute to this, we believe. Because prions are embodied by a change in protein folding, stresses that alter protein homeostasis can induce prion switching. This provides a robust mechanism for the inheritance of environmentally acquired traits.
Let us take, as one example, a prion formed by the essential translation termination factor Sup35. In its prion form, Sup35 is sequestered from the ribosome, and ribosomes then begin to read through stop codons. In certain cases, so much Sup35 is sequestered that cells die. Some argue, therefore, that this prion is simply a 'protein folding disease' of yeast cells 87 . However, the Sup35 protein more commonly establishes an equilibrium between the prion and nonprion states that results in only a moderate readthrough 50, 51 . The prion-induced change in gene expression then creates a host of new heritable traits, and a substantial number of these are beneficial 86 . Because this prion uncovers previously hidden genetic information on multiple mRNAs at once, it immediately creates heritable traits that would take a great deal longer to acquire by successive individual mutations. We think that this prion, and others, cannot only promote survival in fluctuating environments but can serve as an engine for the evolution of new traits 52, 86 .
